High-speed machining is a key technology for greatly improving productivity and reducing production costs. Angular contact ball bearing is the key component of ball screw feed system. Predictive analysis of bearings thermal behavior is significant to ensure the working accuracy of machine tools. Due to the continuous dynamic changes under actual working conditions, it is difficult to predict and model of the bearings heating characteristics. This paper develops a comprehensive calculation method for predicting the thermodynamic characteristics on high speed feed shaft bearings. Based on quasi-static model and thermal dynamic model, Monte Carlo optimization algorithm is used to inverse the temperature field experimental temperature data. The real heating characteristics of heat source are comprehensively predicted and analyzed, so as to accurately predict the bearing thermal dynamic performances of feed shaft bearings. The research work in this paper lays a strong foundation for the thermal error modeling and thermodynamic analysis of the ball screw feed system of machine tools.
I. INTRODUCTION
As a key component of precision transmission and positioning, the feed system of CNC machine tools plays a vital role in positioning accuracy of machine tools. The non-cutting operation time and tool replacement time are reduced, and it makes the machine tool processing is more convenient. As an important part of the high-speed CNC machine feed system, the working temperature has a tremendous impact on the performance of the bearing system. There are many key parameters of bearing affected by temperature, such as preload, lubricant viscosity, load distribution and material thermal expansion. Therefore, it is more complicated and difficult to predict and model the thermal dynamic characteristics of bearing under working conditions [1] - [5] . Due to intrinsic geometric and dynamic complexity, the analysis of bearing under the influence of thermal energy has not been thoroughly solved.
Angular contact ball bearings are widely used in supporting parts of precision ball screw feed system units The associate editor coordinating the review of this manuscript and approving it for publication was Jenny Mahoney.
for the merits of simple structure, high speed, low friction torque and high working accuracy [6] - [9] . The internal contact force of bearing includes three parts: preload, external load and inertia force. During the working process of bearings, the temperature growth caused by friction leads to the dynamic change of preload, and due to the heat gain on bearing components produces additional heat load, also known as the thermal preload [10] . The structural contact load and thermal characteristics of feed shaft bearings are interrelated, so it is very important to predict and analyze accurately the thermal dynamic performance under actual operating conditions. Palmgren [11] proposed a key work on the temperature mechanism of bearings. Through a series of experiments and analysis of bearings, the empirical formula for calculating friction moment was fitted. Jones [12] pioneered an analytical method of bearings based on Hertz contact theory. An method for judging the relative motion of rolling on the ring was found. The method considers the centrifugal force and gyroscopic load of rolling elements in the bearing system. The calculation method also defines the load, attitude and displacement of each rolling element of the bearing relative VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ to the outer ring in the system. Hernot et al. [13] proposed an improved calculation model for the heat generation rate of ball bearings. The model considers the effects of rotational moment and gyro moment, and can effectively predict the transient thermal behavior at high temperatures. Harris and Kotzalas [14] established the quasi-static equilibrium equation of high-speed ball bearing on the basis of Jones's original model, which not only considered the influence of inertia force but also the change of contact state and Hertz contact deformation. The heat generated by the bearing is obtained by calculating the friction torque. Zhao et al. [15] analyzed the effect of working status on the internal load distribution and heat generation rate of high-speed angular contact rolling bearings. Jin et al. [16] develops a general thermal characteristic evaluation method. The thermal contact resistance between the balls and the inner and outer rings of supporting bearing is calculated using the Hertzian theory and JHM method. The above-mentioned extensive research work is very helpful in determining the heat generation rate of rolling bearings, but does not consider the influence of thermal effects on the performance of angular contact ball bearings.
In the actual processing process, interaction between bearing and other components must be taken into account actual time, and the parameters affected by temperature rise must be constantly updated. Especially, the change of preload load and material thermal deformation caused by temperature rise can not be ignored. Pruvot [17] studied the change of preload caused by thermal expansion of rolling element material, and established differential equation to give a simplified equation of total thermal performance of bearing. Tu and Stein [18] based on the modern control theory, established the thermoelastic model, and developed the on-line preload detection system of the spindle system. In the model [19] , the change of preload can be predicted by measuring the shell temperature. Lin et al. [20] proposed a comprehensive calculation model combined with experiment, and studied the influence of bearing preload on bearing stiffness and the dynamics of the whole spindle, including the centrifugal force and gyroscopic moment of the spindle. Takabi and Khonsari [21] establishes a general model which can be used to simulate and analyze various working conditions. The model is used to predict the transient temperature change of bearing components. Further simulation verifies the importance of heat for different parameters of ball bearing components. Zheng et al. [22] established a simple and accurate optimized thermal grid model for bearing temperature estimation considering gyroscopic moment and thermal expansion. The generalized Ohm's law is used to predict the temperature of bearings. The established model was verified by comparison with the experimental results, so as to achieve better prediction of bearing temperature rise.
In this paper, based on the research of previous scholars, an inversion algorithm for thermal effect of angular contact ball bearing in feed system under unsteady state is established based on temperature experimental data and bearing quasi-static model and thermal dynamic model. The effect of temperature rise on the thermal deformation and preload of the material is considered. The real heat generation rate and preload of the feed shaft bearing are predicted and analyzed by using the experimental data at the surface measuring point at different speed. The dynamic change of bearing heating characteristics under actual working is predicted, and the temperature field of bearing components is simulated and calculated. Finally, the feasibility of the model calculation method is verified by comparing the experimental data.
II. EXPERIMENT SETUP
In order to study and evaluate the heating characteristics of the bearing components of the ball screw feed system in the working conditions, the experimental device is shown in Fig 1. The experiment object is the z-axis ball screw feed system of HTC2050i CNC lathe, and the numerical control system is FANUC 0I Mate-TD, with the maximum feed speed of 2400rpm. The ball screw is arranged back-to-back with a pair of angular contact ball bearings. The bearings used are special bearings for 25TAC62B ball screw of NSK company. The bearing dimensions and material parameters are shown in Table 1 .
The test measuring point is placed as shown in Fig. 2 . The magnetic adsorption thermocouple is used to detect the surface temperature T1 and T2 of the housing. The temperature obtained from the thermocouple is collected and sent back to the computer for processing results. In addition, the temperature T3, T4 and T5 of the bearing feed shaft (the distance between the points on the rotating shaft is 20 mm) are recorded by infrared thermal imager. During the experiment, the feed system runs without load. The feed shaft is tested 3600s at three rotational speeds (500,1000 and 1500rpm), and the temperature data of the rear bearing set of the feed shaft are recorded.
III. QUASI-STATIC MODEL OF ANGULAR CONTACT BALL BEARING
When the bearing is running at high speed, the dynamic load of the rolling element, that is, the centrifugal forces and the gyroscopic moments, and the additional load related with the non-uniform expansion of the bearing components caused by the heat will change the load distribution acting on the contact area between the ball and the raceway. In the high-speed operation state, the heat-induced preload change affects the dynamic characteristics of the bearing to a significant level, affecting the heat generation rate of bearing components. Fig. 3 depicts the relationship between the center of the rolling body and the groove curvature of angular contact ball bearings. When the bearing runs at high speed, under the action of gyroscopic moments and centrifugal forces, the ball center, the curvature center of bearing inner ring and the curvature center of bearing outer ring are no longer collinear. The relationship between the ball and the curvature center of the groove can be expressed by Pythagorean theorem. where L 1j and L 2j are the axial and radial distance between the curvature centers of inner and outer grooves, and f o (f i ) is the ratio of inner (outer) ring grooves curvature radius and the ball diameter. ϑ is the radius of the channel of the inner ring groove curvature center. d a and d r are relative axial and radial displacements of inner ring center. The radial thermal expansion δ R and ball thermal expansion ε B can be calculated from thermal expansion model discussed in the next section. α i and α o are defined as shown in Figure 3 .
Considering centrifugal forces F cj and gyroscopic moments M gj , the azimuth angle and load of the balls in the angular contact ball bearing are shown in Fig. 4 . According to Fig. 4 , the force balance equations in horizontal and vertical VOLUME 7, 2019 directions are established as follows.
The thermal expansion of bearing components will lead to the variation of the center of inner and outer ring grooves under working conditions. Therefore, the contact deformation of ball raceway will change with vary with the bearing temperature. The relationship between Q ij and Q oj and normal contact deformation is expressed as follows:
The centrifugal force and gyroscopic mentioned above were calculated as follows:
where m stands the balls mass, J denote the moment of inertia of the ball; d m is the bearing pitch diameter, ω R is rotation speed of the ball, ω m is the orbital speed of the ball.
To solve for X 1j , X 2j , δ oj , δ ij , the equilibrium equation for the entire bearing needs to be established as follows:
In the formula, F a and F r represent the axial and radial loads, respectively. z is the number of the ball. Newton-Raphson's method is used to repeat the calculation until the accuracy of the output results is satisfied.
IV. THERMAL DYNAMIC MODELING
In order to analyze the thermal dynamic characteristics of rolling bearing system, the whole heat transfer process is divided into three stages. The process includes friction heat generation, heat transfer and thermal expansion. The thermodynamic behavior of the entire bearing system is shown in Fig. 5 . Therefore, it is necessary to establish the corresponding calculation model.
A. HEAT GENERATION MODEL
The heat generation rate of bearings has obvious relationship with bearing parameters, lubricant kinematic viscosity, preload and rotational speed. The heat generation rate of bearing is the source of bearing temperature field, and the entire frictional heat calculation formula of ball bearing is given by Harris [23] . where n is the velocity of the shaft, M is the total friction torque of the ball bearing. The friction torque related to loads can be carried out as:
The viscous-dependent torque is expressed as follows:
where f v is the parameter related to the types of bearing and load. ν 0 stands for the sliding friction coefficient.
The coefficient need to be updated at different temperatures, and the value at different temperature can be easily obtainted.
The spinning induced friction torques can be calculated when the contact loads are dynamic [7] .
where µ si and µ so represent the friction coefficients, and i and o are the elliptic integrals of the second kind, respectively. Q ij and Q oj are solved by the quasi-static model in the previous section.
B. HEAT TRANSFER MODEL
The heat transfer of bearing components of feed system is very complex. In this study, the multi-node thermal mesh method was used to obtain the temperature field of the whole structure. In the application of this method, a quarter of the bearing system is taken as the research object according to the principle of symmetry. The whole model is discretely divided into isothermal elements represented by thermal nodes (nodes 1 to 22), as shown in Fig 6. As shown in the figure, the shaft has 15 nodes, four nodes of the bearing housing, and three nodes of the ball and the inner (outer) raceway. T A and T L represent the temperature of the environment and lubricant. Q ij and Q ij represent the temperature of the environment and lubricant. Each node satisfies the heat balance The temperature of each node is acquired by applying the energy conservation equation for the node region [24] , [25] .
where T m is the temperature of node m; T n is the temperature of node i; R i−m is the resistance coefficient between of node i and m, and q i , C i , ρ and V i are the heat generation rate, Specific heat capacity, volume and density of node i, respectively. A set of differential equations of thermal equilibrium for all nodes of bearing components is established, which contains 22 unknown temperatures. All the node can be obtained using the Rung-Kutta method. Before solving the equation, it is necessary to calculate the contact thermal resistance of all nodes.
(1)For the above-mentioned objects such as bearings, outer ring, inner ring, bearing housing and feed shaft mounted on the feed shaft, the thermal resistance is calculated as follows:
where d I , d o are inner radius and external radius of cylindrical body, k I is the thermal conductivity and L is the natural length.
(2) Thermal contact resistance R b is related to bearing parameters and preload and bearing temperature [26] . Thermal contact resistance between balls and outer/inner ring can be expressed.
K (e,
where k b , k r are the thermal conductivity of ball and ring, a, b are the long/short axis of contact ellipse formed.
(3) The assembly relationship between shaft and bearing is interference fit, and the thermal resistance of the contact between inner ring and shaft is
Here A is the apparent contact area, A * R is real contact between two contact surfaces. L g is void thickness of two contact surfaces. k d1 and k d2 are the thermal conductivities of the materials of the inner ring and the shaft.
(4) Clearance fit is used between bearing outer ring and bearing seat. The contact thermal conductivity of the joint surface is related to temperature, and the contact thermal resistance is
where g r , g o are the thickness between bearing outer ring and circumferential air. (5) For convective heat transfer in heat conduction, the contact thermal resistance is defined [27] as follows:
where A W is the surface area of wall. N u is the Nusselt number, and this will not go into detail.
C. THERMAL EXPANSION MODEL
The bearing friction will increase the temperature of bearing components, and the temperature variation in mechanical structure will cause the uneven expansion of bearing components, so the dimension parameters of bearings will change. When calculating the thermodynamic behavior of bearings, the influence of temperature change on bearing parameters should be taken into account, and the change of bearing parameters should be updated. The radial and axial thermal expansion of the inner and outer rings and thermal expansion of the ball can be calculated as follows:
where α s and α B are the coefficient of linear expansion of the corresponding material. x i and x o are the length of the contact point between the bearings of inner and outer rings, while D i and D o are the inner diameters of the outer ring and outer diameter of inner ring, respectively.
D. PRELOAD OPTIMIZATION PREDICTION MODEL
The variation of internal load of bearings under working conditions is non-linear, which directly affects the heating characteristics and temperature field of bearings. It is difficult to predict the dynamic change of preload based on initial preload under the influence of friction heat of working condiction, which has a significant impact on the heat generation and heat conduction of bearings. Therefore, the temperature experiment data under actual working conditions are used to optimize and predict the change of preload using the inversion algorithm.. The thermal effect of angular contact ball bearings of the feed system under unsteady state is calculated by substituting into preload. The simulation results are compared with the temperature of the test point (T1, T3), and the optimization algorithm solves the preload cyclically until the accuracy requirement is satisfied. The detailed calculation process is shown in Fig. 8 .
Here, x Fa is used to indicate the preload. In order to obtain the dynamic preload of the machine tool feed system, the objective function is established as follows:
where T ij is the temperature at the given point i of the jth sampling time step (T1 and T3 are selected as the target values); the superscript E and M represent the experimental measurements (e.g. the second section of experimental measurements) and the optimization model simulated values, respectively. The objective function is defined to solve the inverse problem. When the objective function is minimized relative to the unknown parameters, the solution of the inverse problem can be obtained by satisfying the accuracy. Using Monte Carlo method to solve the optimal process, Monte Carlo simulation was used to determine the preload F a .The Monte Carlo method has global search ability, the accuracy is easy to determine and can deal with large non-linear fluctuations. The larger the number of imulated samples, the closer the simulation results are to the true values. The lower and upper bounds of x Fa are x LT and x HT respectively, the K-group sample values were generated using a random function:
Each group of preload x l Fa is substituted into the quasistatic model and the thermal dynamic model respectively to solve the temperature field of the whole bearing component. Each group of preload is substituted into the model to calculate and extract the temperature T M lij corresponding to the temperature detection points and the detection time. Substituting each set of simulated temperature results T M lij and experiment datas T E ij into equation (23) to calculate the objective function F l . Find the minimum objective function of K times simulation.
The convergence criterion directly affects the accuracy of the results. According to the accuracy of temperature measurement by temperature sensor, ε is determined to satisfy the precision output result. The number of analog sampling is K. After each sampling number is completed, the search range is changed by dichotomy. If the result meet the accuracy min(F l ) ≤ ε, the simulation results are output and the simulation calculation is ended. Otherwise, the upper and lower limits are changed by the dichotomy, that is, if x m − x LT < 0.5δ l , then x HT = x HT − 0.5δ l ; otherwise x LT = x LT + 0.5δ l . Then, the above simulation process is repeated.
In this paper, the optimization variable is single variable of preload, and there will be no local minimum. In order to find the optimal solution accurately, the sampling value K should be large enough to satisfy the global search ability when solving the Monte Carlo simulation, and the overall solution should be carried out according to the computing power of the computer.
It is worth noting that the node temperature at the end of each optimization iteration modifies the parameter output according to the temperature changes. Such as bearing structure size, lubricant viscosity, thermal expansion, contact deformation, etc., and then updated data as the initial condition of the next iteration
V. RESULTS AND DISCUSSION
The temperature distribution is measured by two thermocouples and a thermal imager before the simulation, as described in Sec. 2. The temperature data at T1 and T3 are imported into the numerical optimization program of the thermal balance equation of high-speed bearings to predict the thermal dynamic characteristics of bearings. T2, T3, T5 and other temperature points can be used to verify the simulation results.
A. ANALYSIS OF TEMPERATURE FIELD PREDICTION RESULTS
Based on the prediction model described in this paper, Fig.9 and Fig 10 show the comparison between the model forecasting and the experiment results at 1000rpm and 1600N preload conditions. Fig.9 is the temperature point T1 and T3 estimated and measured by comparison. It can be seen that the estimated temperature agree well with the temperature measured by experiment. Initially, the temperature rises rapidly and then becomes constant, showing a fairly close consistency. The bearing tends to be stable after reaching thermal balance.
In order to verify the reliability of the optimized prediction method, Fig.10 compares the temperature measurement points T2, T4 and T5. From the simulation results, it can be found that the simulated temperature is very close to the experimental results, and verifies the validity of the model calculation method. At the same time, it can be seen that when the heat generated by the heat source and the heat dissipated reach the equilibrium, the temperature approaches the steady state to reach the thermal equilibrium. The temperature of the ball is much higher than that of other parts. With the passage of time, more friction heat dissipates in the bearing housing and shaft, and the temperature difference between the ball and the outer ring and the bearing housing decreases gradually. Fig. 11 shows the predicted results of dynamic changes of transient preload for a set of the same 1600N initial preloads at different rotational speeds based experimental datas. Under different rotating speed conditions, the trend of change shows consistency. Preload increases rapidly in the initial working condition and then decreases gradually. The trend is inferrd that a large amount of heat is dissipated through the bearing element, and the sharp change of temperature leads to a great change of the bearing element and the dynamic change of the preload naturally. As time passes, when the temperature field of the bearing reaches the steady state, the expansion of the bearing element is almost constant, so the preload does not change. The prediction results are consistent with the reported by Pruvot [17] , which proves the validity and practicability of the dynamic prediction method.
B. PRELOAD AND HEAT GENERATION RATE OPTIMIZATION PREDICITION RESUL
The dynamic change of the preload has a significant effect on the friction of heat generation rate. Fig. 12 shows the predicted frictional heat generation rate at different velocities with the same initial preload of 1600 N. Friction heating rate increases rapidly from zero to maximum, and then decreases slowly until it reaches steady state. Basing on the trend, it can be easily inferred that in the initial stage, the frictional heat generation of rolling bearings under working conditions is significantly increased by preload, and the heat generation and heat dissipation are unbalanced. It is found that the increase of temperature leads to the decrease of kinematic viscosity [28] . Since the preload on the bearing is very small and the experiment is performed without external load, the viscous friction torque will absorb the main part of the total friction torque on the bearing. As the preload and the kinematic viscosity decrease slowly, the heat generation rate decreases and the interior slowly reaches steady state. Therefore, the change of kinematic viscosity significantly affects the dynamic changes of friction torque and total heat of bearings.
VI. CONCLUSION
In this paper, a thermodynamic comprehensive prediction and analysis model of high-speed feed shaft bearings under actual working conditions is proposed. The model can be divided into two sub-models: quasi-static model and thermal dynamic model. According to the temperature of two detection points measured on the surface of bearing component, the timevarying heat source and temperature field of bearing components are predicted by the inverse method of predictive model optimization. Significant consistency between estimated and measured temperatures was observed. The temperature distribution of bearing components in feed system calculated by simulation is given, and the results are in good agreement with those of other three experimental points. By this method, the temperature in the bearing can be accurately predicted. Therefore, the thermal effect of bearings is estimated and the heating characteristics of bearings are analyzed. In particular, the bearing preload and heat generation rate predicted under the working condition are observed in detail. In this paper, a simple and convenient method is proposed to predict the thermodynamic behavior of bearing components in ball screw feed system of machine tools. It provides a new idea for the heat source identification and preload prediction of bearings under actual working conditions, and has a strong application value in practical engineering applications.
